Abstract DEAD-box proteins are ATP-dependent RNA helicases that function in various stages of RNA processing and in RNP remodeling. Here, we report identification and characterization of the Drosophila protein Belle (Bel), which belongs to a highly conserved subfamily of DEADbox proteins including yeast Ded1p, Xenopus An3, mouse PL10, human DDX3/DBX, and human DBY. Mutations in DBY are a frequent cause of male infertility in humans. Bel can substitute in vivo for Ded1p, an essential yeast translation factor, suggesting a requirement for Bel in translation initiation. Consistent with an essential cellular function, strong loss of function mutations in bel are recessive lethal with a larval growth defect phenotype. Hypomorphic bel mutants are male-sterile. Bel is also closely related to the Drosophila DEAD-box protein Vasa (Vas), a germ line-specific translational regulator. We find that Bel and Vas colocalize in nuage and at the oocyte posterior during oogenesis, and that bel function is required for female fertility. However, unlike Vas, Bel is not specifically enriched in embryonic pole cells. We conclude that the DEAD-box protein Bel has evolutionarily conserved roles in fertility and development. D
Introduction DEAD-box proteins are defined through the conservation of multiple different motifs including the D-E-A-D (AspGlu-Ala-Asp) motif for which they were named (Linder et al., 1989) . Several members of this family have been demonstrated to function as ATP-dependent RNA helicases, capable of unwinding double-stranded RNA (reviewed in Tanner and Linder, 2001) . Recent work has also suggested a role for DEAD-box proteins as RNPases, acting to remodel RNA-protein interactions (Fairman et al., 2004; Jankowsky et al., 2001; reviewed in Linder, 2004; Linder et al., 2001) . DEAD-box proteins have been linked to every stage of RNA processing including splicing, ribosome biogenesis, nuclear export, degradation, and translation. In addition to a general function, some DEAD-box proteins are involved in specific regulatory events. For one highly conserved subfamily, which includes members in yeast (Ded1p), Xenopus (An3), mice (PL10), and humans (DDX3), data suggest both a general cellular requirement as well as a developmental regulatory function.
DED1 is an essential Saccharomyces cerevisiae gene that has been implicated in translation initiation through a combination of genetic and biochemical analyses (Chuang et al., 1997; de la Cruz et al., 1997) . Recent work has revealed a role for Ded1p in the 40S ribosomal scanning step of translation initiation (Berthelot et al., 2004) . Ded1p possesses ATP-dependent RNA unwinding ability, as well as the ability to remodel RNPs (Fairman et al., 2004; Iost et al., 1999) . In addition to its predicted function in translation, DED1 has been linked either genetically or biochemically to nuclear stages of RNA processing including transcription, splicing, ribosome biogenesis, and nuclear export (Hayashi et al., 1996; Schafer et al., 2003; Stevens et al., 2002; Thuillier et al., 1995) . In Schizosaccharomyces pombe, a regulatory role in cell-cycle control has been suggested for Ded1 (Forbes et al., 1998; Grallert et al., 2000; Liu et al., 2002) . In addition, Ded1 has been identified in two independent screens as a suppressor of sterility (Kawamukai, 1999) .
A developmental role for An3, an apparent Xenopus orthologue of Ded1p, is suggested by the concentration of its maternal transcript within the animal hemisphere during oogenesis and early embryogenesis (Gururajan et al., 1991; Rebagliati et al., 1985) . An3 protein shows a dynamic subcellular distribution during development and shuttles between the nucleus and the cytoplasm (Askjaer et al., 1999; Gururajan et al., 1994; Longo et al., 1996) . The human protein DDX3 (Owsianka and Patel, 1999) , also called DBX (Mamiya and Worman, 1999) , and CAP-Rf (You et al., 1999) , is the product of one of a small subset of genes on the X chromosome that escapes X inactivation in females, and has a functional homologue on the Y chromosome called DBY (Lahn and Page, 1997) . DDX3, which is expressed ubiquitously, directly interacts with the hepatitis C virus core protein (Mamiya and Worman, 1999; Owsianka and Patel, 1999; You et al., 1999) . Although the cellular role of DDX3 is still unclear, it has been speculated that the pathogenesis of hepatitis C virus relies on manipulation of the RNA helicase properties of DDX3. DBY activity is critical for spermatogenesis (Foresta et al., 2000; Lahn and Page, 1997) , and it is thought to be the major factor responsible for male-sterile mutations mapping to the AZFa (azoospermia factor a) region of the Y chromosome. A mouse DBY homologue, PL10, also called D1Pas1 (Leroy et al., 1987; Session et al., 2001) , is encoded by two developmentally regulated testis-specific transcripts . Both DDX3 and PL10 can functionally substitute for the S. cerevisiae protein Ded1p, indicating conservation in cellular function between these proteins (Chuang et al., 1997; Mamiya and Worman, 1999) .
The DEAD-box subfamily containing all of these proteins (hereafter referred to as the Ded1p subfamily) is closely related to the Vasa (Vas) subfamily of DEAD-box proteins (reviewed in Linder, 2003) . Vas is a Drosophila protein required for germ line development and female fertility (Hay et al., 1988; Lasko and Ashburner, 1988) . Vas interacts directly with the translation factor eIF5B/dIF2 and that interaction is essential for many of its developmental functions and specifically for accumulation of Gurken (Grk) protein (Carrera et al., 2000; Johnstone and Lasko, 2004) . Vas is a component of several classes of RNA-rich particles in the germ line, including nuage within nurse cells, and germ plasm within the oocyte and embryo. Nuage-like particles, present also in mammalian germ cells, are thought to be involved in processing, localization, and regulation of germ line mRNAs.
Here, we identify and characterize the Drosophila protein Belle (Bel), which we assign to the Ded1p subfamily of DEAD-box proteins based on its high sequence homology to the other constituent proteins and its ability to functionally substitute for the yeast protein Ded1p. Bel is broadly expressed and is essential for viability and organismal growth. Like its mammalian homologues, bel is required for male fertility. In addition, we find that bel is required for female fertility in Drosophila, and that Bel protein colocalizes with Vas in nuage and at the oocyte posterior. Thus, bel provides a model in a genetically tractable multicellular system for investigating the role of the Ded1p subfamily of DEAD-box proteins in fertility and development.
Materials and methods

Antibodies and Western blotting
Protein samples used for Western blotting were extracted by homogenization in phosphate-buffered saline (PBS) with 1 mM PMSF and 1Â protease inhibitor cocktail (Roche Diagnostics). Following homogenization, samples were centrifuged at 48C at 20 000 Â g for 15 min, and supernatants were combined with SDS loading buffer. Proteins were resolved on SDS-PAGE gels and transferred onto nitrocellulose membranes that were blocked overnight at 48C in PBS/2% skim milk/0.05% Tween-20 (PBSTM). Membranes were incubated for 1 h at room temperature with primary antibodies diluted in PBSTM, washed with PBSTM, then incubated for 1 h at room temperature with HRP-conjugated secondary antibodies (Amersham Pharmacia) diluted 1:5000 in PBSTM. Membranes were washed with PBSTM, and proteins were detected by chemiluminescence (NEN). The Bel antibody was generated in rabbits by injection of purified GST-Bel protein (amino acids 1-230), and was used at a concentration of 1:2500 on Western blots. eIF4A antibody (Styhler et al., 1998 ) was used at 1:1000.
Immunohistochemistry
Immunohistochemistry on ovarian and embryonic tissue was performed as described (Kobayashi et al., 1999) . Rat anti-Vas was used at 1:2000. Antibody stainings were detected using goat anti-rat Alexa 546nm secondary antibodies (Molecular Probes) used at 1:1000. For DAPI stains, ovaries were dissected in PBS and fixed for 15 minutes in 4% formaldehyde/0.1% Tween-20/1Â PBS. Samples were washed with PBS, then with 180 mM Tris-HCl, pH 7.5 (Tris buffer), and then incubated with 0.5 Ag/ml DAPI in Tris buffer for 10 min. Samples were washed with Tris buffer, then with PBS, then mounted in 70% glycerol/1Â PBS.
Fly genetics
The lethal alleles of bel, l(3)bel pr134 , l(3)bel b10 , and l(3)bel eke belong to the L3 or l(3)85Ac complementation groups (Bender et al., 1987; Jones and Rawls, 1988) . The hypomorphic bel allele, ms(3)neo30 (Cooley et al., 1988) was used for analysis of the male-sterile phenotype. The trans-heterozygous allelic combinations bel ms(3)neo30 / l(3)bel pr134 and bel ms(3)neo30 /l(3)bel b10 were used for analysis of the female-sterile phenotype. GFP-tagged Bel lines were generated through a genome-wide protein-trapping technique (Morin et al., 2001 ). The larval growth assay was performed as described in Lachance et al. (2002) , using the l(3)bel eke allele.
Results
Cloning and expression of bel bel was first identified genetically as a lethal complementation group called L3 or l(3)85Ac, generated through EMS mutagenesis in polytene interval 85A (Bender et al., 1987; Jones and Rawls, 1988) . A male-sterile P-elementinduced mutation, ms(3)neo30 (Cooley et al., 1988) , was mapped to region 85A through in situ hybridization and deletion analysis, and assigned to L3, and thus to bel, by complementation. Restriction mapping placed the site of Pelement insertion in ms(3)neo30 within the first intron of bel. Genomic DNA flanking the ms(3)neo30 insert was cloned by plasmid rescue and used to screen cDNA libraries to isolate a bel cDNA. Expression of the genomic region containing bel through P-element-mediated germ line transformation rescued the bel mutant phenotypes, verifying that these phenotypes were specifically due to disruption of the bel locus. The bel cDNA was used to probe Northern blots of RNA isolated from adults and various developmental stages, where it recognized a single 4 kb transcript (data not shown). A second recessive male-sterile mutation, ms(3)00940, also called capon (cap; Castrillon et al., 1993) , is allelic to bel. The insertion site for ms(3)00940 lies within the bel 5VUTR.
We determined the bel sequence from the cDNA and found it to correspond to CG9748. The gene is composed of four exons, with the translational start site positioned near the 3V end of the first exon, producing a predicted protein of 798 amino acids. An antibody raised against the amino (N)-terminal 230 amino acids of Bel recognized a single band of approximately 80 kDa on Western blots. The specificity of the Bel antibody was verified by probing a Western blot containing ovarian extracts from females carrying bel mutations (bel ms(3)neo30 /l(3)bel pr134 ), 0-to 1-day-old wildtype (OreR) females, and a vas mutation (vas PH165 ), which arrests oogenesis at a similar stage to bel mutations (Fig.  1A) . The intensity of the 80 kDa band was greatly reduced in bel mutants relative to the other samples, using eIF4A as a loading control, indicating that the antibody specifically recognizes Bel. Western blot analysis of extracts from various developmental stages, adults, ovaries, and testes revealed a broad distribution for Bel (Fig. 1B) .
Bel belongs to a highly conserved subfamily of DEAD-box proteins DEAD-box proteins share a large region of homology containing many different conserved motifs. The predicted Bel protein is most highly related to a subfamily of DEADbox proteins including yeast Ded1p, Xenopus An3, mouse PL10, and human DDX3 ( Fig. 2 ; reviewed in Linder, 2003) . This family of proteins is closely related to but distinct from the subfamily of DEAD-box proteins that includes Vas (Fig.  2) . DEAD-box proteins are generally divergent within their N-termini, however within the Bel subfamily there are several conserved N-terminal regions that are not present in Vas and its orthologues. The first is a stretch of residues in the extreme N-terminus of Bel, residues 12-21, that is highly conserved among the five Ded1p subfamily members (Fig. 2) , and that contains a consensus leucine-rich nuclear export signal that has been demonstrated to be a functional domain in mediating nuclear export of An3 (Askjaer et al., 1999) . This motif is absent in Vas and most other DEADbox proteins. Also within the N-terminus, a stretch of residues of unknown function, from residue 46 to 52 of Bel, is invariant within the Ded1p subfamily, and not present in Vas and other DEAD-box proteins (Fig. 2) . Within the highly conserved region of DEAD-box proteins, the Ded1p subfamily also contains some short sequences that are specific to this subfamily (for example, residues 375-378 of Bel [ Fig. 2]) . The specificity of the Bel antibody was verified by Western blotting on ovarian extracts from females carrying mutations for bel (bel ms(3)neo30 /l(3)bel pr134 ), 0-1 day wild-type (OreR) females, and vas (vas PH165 ) females. The same blot was probed with a-eIF4A as a loading control. (B) Bel protein distribution was determined by Western blotting on Drosophila extracts from 0 to 24 h embryos, larval stages, adult females and males, ovaries, and testes. The same blot was probed with a-eIF4A as a loading control.
Bel can functionally substitute for S. cerevisiae Ded1p
To investigate whether there is functional conservation between Bel and other Ded1p subfamily proteins, we tested the complementation of a yeast ded1/dbp1 double mutant by bel. The DED1 and DBP1 genes in yeast are highly related and, although the disruption of DED1 is lethal, overexpression of DBP1 can suppress the ded1 null phenotype suggesting functional redundancy between the two proteins . The bel cDNA was PCR amplified and cloned into low and high copy number yeast shuttle vectors under the control of the DED1 promoter and with a DED1 terminator. The constructs were tested for complementation in a yeast strain disrupted for the DED1 and DBP1 genes and containing the DED1 gene on a URA3 plasmid. Upon transformation, the cells were tested for growth on 5-FOA medium that allows growth only from cells that were able to lose the URA3 plasmid. After 4 days of incubation, colonies appeared with a plasmid containing the bel cDNA either on a low copy or on a high copy number plasmid (Fig. 3) . In contrast, colonies appeared after only 2 days if the plasmid contained the DED1 gene, and no colonies were visible for cells carrying only the vector (Fig. 3) . These results clearly show that the bel cDNA can, albeit at a reduced level, complement for the absence of the yeast Ded1p protein in vivo.
bel is essential and required for larval growth
The finding that Bel can functionally substitute for the essential yeast protein Ded1p indicates that Bel and Ded1p perform similar cellular functions. Ded1p is involved in translation initiation, as is another DEAD-box RNA helicase, eIF4A (reviewed in Berthelot et al., 2004; Linder, 2003) . Mutations in genes encoding translation factors often have phenotypes affecting growth. For example, in Drosophila, mutants in eIF4A and eIF4E arrest growth as larvae but are viable for several days, similar to the effect observed in larvae deprived of a dietary source of protein Fig. 2 . Bel belongs to a conserved subfamily of DEAD-box proteins. Bel is highly similar to a subgroup of DEAD-box proteins including yeast Ded1p (Linder, 2003) . The Bel protein sequence was aligned with other members of this subfamily including: S. cerevisiae Ded1p; Xenopus An3; mouse PL10; and human DDX3. For comparison, a related Drosophila DEAD-box protein, Vas, was also included. Alignment was performed using CLUSTALW at www.ebi.ac.uk/ clustalw/. Identical residues are shown in red. The residues delineated with boxes represent regions of high conservation within the N-termini of the Ded1p subfamily that are not conserved in Vas and other DEAD-box proteins. The first boxed region contains the conserved leucine-rich nuclear export signal that has been demonstrated to be functional in An3 (Askjaer et al., 1999) . (Galloni and Edgar, 1999; Lachance et al., 2002) . Strong alleles of bel are zygotic lethal and cause a similar growth defect, based on comparing the size of bel mutant larvae with that of wild-type larvae on successive days of development (Fig. 4A) . Wild-type larvae grow significantly through three larval stages (L1-L3) over several days following egg deposition (Fig. 4A) . In contrast, bel mutant larvae arrest development at approximately the size of an L1 larva (Fig. 4A) , despite being able to survive for up to 5 days (Fig. 4B) .
bel is required for male fertility
To understand more fully the role of bel in male germ line development, we examined testes from males homozygous for bel ms(3)neo30 . We found these testes have a high frequency of defective onion stage early spermatid cysts (Fig. 5) , and that their spermatid nuclei often vary in size, indicating defects in chromosome segregation during meiosis. Abnormally large mitochondrial derivatives associated with several nuclei were common (Figs. 5B, C) , indicating that defects in cytokinesis during meiosis also occur. Flagella elongated in bel ms(3)neo30 homozygotes, but spermatid bundles were disorganized. Spermatid nuclei also elongated but were scattered instead of clustered at the end of the flagellar bundles (Fig. 5E) . Ultrastructural analysis by electron microscopy revealed that axonemes are assembled and cytoplasmic microtubules are present in bel ms (3)neo30 homozygotes, although the spatial relationships between axonemes and mitochondrial derivatives were abnormal, presumably as a consequence of the aberrant arrangement of nuclei (with accompanying basal bodies) and mitochondrial derivatives at the onion stage (R.D. and M.T.F., unpublished data).
bel is required for female fertility and colocalizes with Vas during oogenesis
We investigated whether bel was also required for female fertility. Although the bel ms(3)neo30 allele is recessive female fertile, we observed that in trans-heterozygous combinations with stronger bel alleles, it is female-sterile. For example, in bel ms(3)neo30 /l(3)bel pr134 females, oogenesis at first proceeds normally, but at around stage 9 the majority of egg chambers degenerate (Figs. 6A, B) . A minority of egg chambers proceed beyond this stage to produce mature eggs. However, in both bel ms(3)neo30 /l(3)bel pr134 and bel ms(3)neo30 /l(3)bel b10 ovaries, these eggs usually had fragile chorions and very short dorsal appendages (Figs.  6C, D) . The mid-oogenesis arrest is similar to that observed in vas-null ovaries (Styhler et al., 1998) , leading us to examine the distribution of Bel during oogenesis. To do this, we used fly lines containing GFP-tagged Bel protein, Fig. 4 . bel mutants exhibit a larval growth defect phenotype. Larvae homozygous for a bel mutation l(3)bel eke , were collected every 24 h and compared for size with heterozygous siblings and wild-type Ore-R larvae. bel mutants arrest at approximately the size of an L1 larva and can survive for up to 5 days after egg deposition (A). Within this time, wild-type larvae have progressed to the L3 stage (A). Viability of wild-type and heterozygous mutant larvae is nearly 90% by 6 days after egg deposition (B). Viability of bel homozygous mutant larvae drops rapidly to zero by day 6 (B). Fig. 3 . Complementation of a ded1 null mutant by bel. Yeast cells carrying the bel cDNA on either low copy (YCplac11-bel) or high copy (YEplac181-bel) number plasmids, and the DED1 gene on a high copy plasmid (YEplac181-DED1), were streaked on 5-FOA plates to monitor the loss of the resident URA3 plasmid carrying a DED1 wt gene. After 4 days of incubation at 308C, clear complementation can be seen for DED1 and bel, but not for the vector alone. generated through a protein-trapping screen (Morin et al., 2001) . Examination of ovaries from females carrying one copy of GFP-tagged Bel revealed a predominantly cytoplasmic distribution for Bel in both germ line and somatic cells throughout oogenesis (Figs. 7A-D) . Within the nurse cells, Bel is enriched in particles in the perinuclear region (Figs. 7B, C) . Bel also accumulates in the oocyte throughout the early stages of oogenesis, and starting around stage 9, concentrates at the posterior pole of the oocyte (Figs. 7A-D) . In addition, while Bel is detectable in all of the somatic follicle cells, in late-stage oocytes, it is enriched in two posterior follicle cells, which based on their localization, we infer to be polar cells (Figs. 7C, D) .
During oogenesis, Vas is also highly concentrated in the perinuclear region of nurse cells and at the oocyte posterior (Lasko and Ashburner, 1990 (Figs. 7H-J) . In the early embryo, Vas protein remains strongly enriched at the posterior (Lasko and Ashburner, 1990 ; Fig. 7K ), a localization that allows it to be incorporated into embryonic germ cells, called pole cells, as they form at the posterior. Bel protein is more generally distributed in the embryo than Vas, and is only slightly enriched at the posterior (Fig.  7L ) in a minority of embryos. Later, during pole cell migration, Vas is detected specifically in germ line cells (Lasko and Ashburner, 1990 ; Fig. 7M ). By contrast, while Bel is detectable in pole cells, it is more broadly expressed, and does not appear to be specifically enriched in germ cells (Fig. 7N) . Fig. 6 . bel is required for female fertility. DAPI staining reveals the developmental progression of egg chambers during oogenesis in wild-type Ore-R females (A). Females bearing bel mutations bel ms(3)neo30 /l(3)bel pr134 are sterile. In these mutants, oogenesis usually arrests around stages 8-9 and egg chambers completely degenerate (B). A wild-type egg produced by Ore-R females is shown in (C). In bel ms(3)neo30 /l(3)bel pr134 and bel ms(3)neo30 /l(3)bel b10 females, mature eggs are occasionally produced but these eggs are often shorter than wild-type and have shortened dorsal appendages (D). We also examined the distribution of GFP-Bel in a vas mutant background, since mutations in vas disrupt nuage formation and therefore affect the distribution of other nuage components such as Maelstrom (Mael) (Findley et al., 2003; Liang et al., 1994) . As well, mutations in vas abrogate the posterior localization of many other RNAs and proteins. In the vas PD allele, in which Vas protein is only detected in the germarial stages of oogenesis (Lasko and Ashburner, 1990; Figs. 7O, Q) , the cytoplasmic distribution and the oocyte enrichment for Bel were maintained, however, the nurse cell perinuclear enrichment was greatly reduced, consistent with Bel being a component of nuage particles, whose formation rely on Vas function (Liang et al., 1994 ; Fig. 7P ). Posterior localization of Bel in the vas PD mutant background was also greatly reduced (Fig. 7R ), compared to wild-type (Fig. 7I) . Thus, Bel and Vas exhibit partially overlapping protein distributions during oogenesis and early embryogenesis, and vas function is required to establish Bel localization.
Discussion
Analysis of bel supports a fundamental role for the Ded1p subfamily in fertility
We have implicated bel in germ line development in males and females, making it possible to use Drosophila to understand the role of Ded1p subfamily proteins in fertility. A link between post-transcriptional mechanisms of gene regulation involving RNA localization and translational control has long been established in the female germ line, thanks largely to studies in Drosophila and amphibian oocytes (reviewed in de Moor and Richter, 2001; Johnstone and Lasko, 2001 ). Vas, a DEAD-box RNA helicase outside the Ded1p subfamily but closely related to Bel, interacts with the general translation factor eIF5B and is a likely translational regulator of specific mRNAs required for germ line development (Carrera et al., 2000; Johnstone and Fig. 7 . Distribution of Bel protein during oogenesis and embryogenesis. Bel protein distribution was examined using GFP-tagged Bel, shown in green. DAPI staining is shown in blue, anti-Vas immunostaining in red, and colocalization between Vas and Bel in yellow. During the early and middle stages of oogenesis, Bel exhibits a predominantly cytoplasmic distribution in nurse cells, follicle cells, and within the oocyte (A, B) . In later stages, Bel accumulates at the oocyte posterior, (C), and is enriched in polar follicle cells, (C, enlarged in D). Vas and Bel colocalize in the perinuclear region of nurse cells (E-G), and at the oocyte posterior (H-J). In the early embryo, while Vas is still strongly enriched at the posterior (K), Bel exhibits a weaker posterior enrichment (L). Later in embryogenesis, Vas is specifically detected in migrating pole cells (M), while Bel is not specifically enriched in pole cells (N). In the vas PD allele, Vas protein is only detected in the early germarial stages of oogenesis (O, Q; Lasko and Ashburner, 1990) . In the vas PD background, Bel is still detected in the cytoplasm of nurse cells, follicle cells, and within the oocyte (P), however, both the perinuclear enrichment within nurse cells (P), as well as the posterior concentration within the oocyte (R), are disrupted. Lasko, 2004) . Interestingly, the phenotypes of a vas null mutation in oogenesis (Styhler et al., 1998) Germ cells in many species contain specific cytoplasmic bodies that are recognizable at the ultrastructural level due to high electron density, reflecting their accumulation of RNA (reviewed in Saffman and Lasko, 1999) . In mammals, perinuclear structures similar to nuage but referred to as chromatoid bodies, are located in testicular germ cells (Fawcett et al., 1970) . During Drosophila oogenesis, nurse cells synthesize mRNAs to be transported into the developing oocyte, and it is thought that nuage particles, electrondense germ line specific structures that form around the nurse cell nuclei, accumulate these transcripts as they are exported. Nuage may consist of mRNP particles that mediate the storage, regulation and transport of specific transcripts. At least three proteins involved in RNA metabolism, namely Vas, Mael, and Aubergine (Aub), localize in the nuage (Findley et al., 2003; Harris and Macdonald, 2001; Liang et al., 1994) , and the colocalization between Vas and Bel within the perinuclear region of nurse cells suggests that Bel is also a component of nuage.
Similarly to other components of nuage such as Vas and Aub (Harris and Macdonald, 2001; Lasko and Ashburner, 1990) , Bel accumulates at the posterior of the oocyte during late oogenesis, and again shows colocalization with Vas. The requirement of vas for Bel localization suggests that an association into nuage particles is essential to establish its correct distribution. Despite their colocalization in early to mid-oogenesis, Bel, unlike Vas, is not a stable component of the pole plasm and is not restricted to germ cells after they form. Also unique to Bel is a specific enrichment in the posterior polar follicle cells. Polar cells are thought to be involved in organizing the actin cytoskeleton, which is required for egg elongation and the establishment of polarity within the egg chamber (Frydman and Spradling, 2001) . Interestingly, one of the phenotypes we observed in the female-sterile bel alleles was a moderate shortening of the egg. In future, clonal analysis within follicle cells should allow for a direct investigation into the role of Bel expression in polar cells.
Evidence of post-transcriptional mechanisms of gene regulation in male germ line development in Drosophila is less well established than in the female germ line. For example, like Bel, Vas is expressed during spermatogenesis, but vas-null males are fertile. In bel mutants, we observed defects in meiotic progression in testes from recessive malesterile bel alleles. A similar phenotype is observed in humans, where deletion of DBY leads to a severe reduction or total absence of germ cells in males (Foresta et al., 2000) . Further analysis of the role of bel in spermatogenesis will be informative with regard to understanding how disruption of DBY in humans leads to male infertility. Interestingly, mice disrupted for the vas homologue Mvh are male-sterile but not female-sterile (Tanaka et al., 2000) . Similarly to Drosophila ovaries, where disruption of vas function abolishes nuage formation (Liang et al., 1994) , loss of Mvh function in mice causes a developmental arrest in spermatogenesis prior to chromatoid body formation, indicating a highly conserved requirement for Vas in the formation of these particles . No mutations have been reported for the mouse homologue of bel, PL10, so its function in the germ line, and potential genetic interaction or redundancy between PL10 and Mvh remain to be investigated.
What is the role of Bel in RNA metabolism?
We have demonstrated that Bel can functionally substitute for Ded1p in yeast. PL10 and DDX3 also rescue ded1 mutations (Chuang et al., 1997; Mamiya and Worman, 1999) , indicating that each of these proteins is capable of performing a similar cellular function. DEAD-box RNA helicases are required for every aspect of RNA metabolism. Several RNA processing stages such as splicing and ribosome biogenesis require many different DEAD-box proteins. By contrast, eIF4A is the only DEAD-box RNA helicase that was historically implicated in a specific step of translation initiation (reviewed in Linder, 2003) . Helicase activity of eIF4A is thought to disrupt RNA secondary structure within the 5V region of a transcript in order to clear a route for the scanning ribosome to reach the start codon.
In vitro translation assays and polysome profile analysis in yeast have indicated that Ded1p represents a second RNA helicase required for translation (Chuang et al., 1997; de la Cruz et al., 1997; reviewed in Linder, 2003) . Similarly to eIF4A, Ded1p is implicated in the ribosome scanning stage of initiation (Berthelot et al., 2004) . In particular, transcripts possessing long 5V UTR regions were found to require the helicase activity of Ded1p/Dbp1 for processive ribosomal scanning. Ded1p can also dissociate a protein complex from mRNA, even in the absence of RNA secondary structure (Fairman et al., 2004) , suggesting that its function may involve RNP remodeling. Genetic experiments further support a role for DED1 in translation. Alleles of DED1 are synthetically lethal with alleles of TIF1 (which encodes eIF4A) and CDC33 (which encodes eIF4E), and multicopy expression of DED1 can suppress temperature sensitive alleles of both TIF1 and CDC33 (Chuang et al., 1997; de la Cruz et al., 1997) . Our analysis of the bel recessive lethal phenotype also supports a role for it in translation, as the larval growth phenotype we observed is similar to that produced by mutations in other translation factors such as eIF4A and eIF4E (Galloni and Edgar, 1999; Lachance et al., 2002) . The high degree of similarity between Bel and Vas is also consistent with a role for Bel in translational regulation.
Due to significant overlap between RNA processing stages, RNA-binding proteins are often implicated in more than one aspect of RNA metabolism. A role for the Ded1p subfamily of proteins in nucleocytoplasmic transport is suggested by the leucine-rich nuclear export signal that has been demonstrated to mediate nuclear export of An3 (Askjaer et al., 1999) . Importantly, the RNA helicase activity of An3 is linked to its nuclear export, suggesting an involvement in RNA export (Askjaer et al., 2000) . While the nuclear export signal is conserved in all of the Ded1p subfamily members, it is not known whether this signal is functional in other systems, and thus whether An3 homologues, such as Bel, are also shuttling proteins. We found that the subcellular distribution of Bel in ovaries and embryos was predominantly cytoplasmic, with perinuclear enrichment in ovarian nurse cells. We also observed that GFP-Bel was mostly cytoplasmic in Schneider-2 cells upon transient transfection, and that deletion of the putative nuclear export signal within GFP-Bel led to a subtle nuclear enrichment of the protein (data not shown), suggesting that this signal is functional within Bel.
Nuclear export of proteins containing leucine-rich nuclear export signals (reviewed in Nakielny and Dreyfuss, 1999) occurs through direct interaction with the export receptor CRM1/Exportin 1, as has been demonstrated for An3 (Askjaer et al., 1999) . DED1 has been linked to various nuclear stages of RNA processing including nuclear export via the CRM1 pathway (Hayashi et al., 1996) . These data, combined with the conservation of the An3 nuclear export signal, suggest a potential function for the Ded1p subfamily in nuclear transport via the CRM1 pathway. However, an indepth understanding of this function for Bel and the other members of the Ded1p subfamily of RNA helicases remains to be determined.
